Significant efforts are being made to introduce electrospun fibres on a commercial scale using large-scale electrospinning processing equipment[@b1][@b2]. Electrospun ultrathin fibres are currently used in filters and membranes, and they are also being aimed towards emerging applications such as transparent composites, scaffold materials for tissue, and templates for cell growth and reinforcement in biomedical silicone materials[@b1][@b3][@b4][@b5].

A major challenge in reaching the targeted applications is the lack of fibre toughness, due to the fine fibre dimensions that make electrospun fibres sensitive to handle[@b6][@b7]. Electrospun fibres have, therefore, mostly been applied as non-woven mats where the fibres support one another, or collected on a [support material](#s1){ref-type="supplementary-material"} as in filter applications[@b1]. Attempts to reinforce electrospun polymer fibres by embedding "rod--like" nanofillers which serve as load-carriers have been reported. Carbon nanotubes (CNTs) have received considerable attention due to their high strength and high elastic modulus combined with a high aspect ratio \>100, but extracted cellulose nanofibrils that show more flexibility have also been considered[@b2][@b8][@b9][@b10][@b11][@b12]. Composite fibres with a higher modulus and strength were obtained in both cases, but the fibres were more brittle[@b2][@b10][@b11]. The absence of toughness was due to the problematic embedding of the often bent, coiled or spiral-shaped CNTs (occasionally protruding from the surface of the fibres) and to inadequate filler/matrix adhesion and poor dispersion of the nanofiller inside the polymer matrix[@b2][@b10][@b11]. Recently, Papkov *et al.*[@b6] and Asran *et al.*[@b13] demonstrated that tough nanofibres can be obtained by optimizing molecular orientation/alignment instead of preparing composite fibres. When the diameter of electrospun fibres is reduced (larger draw ratios), an increase in strength and strain-at-break is generally observed[@b6][@b14][@b15][@b16][@b17][@b18][@b19][@b20][@b21]. However, no direct observation of the fibre failure mechanism has so far been reported for toughness-improved fibres and their electrospun fibre mats.

In this paper, data for electrospun fibres based on blends of poly(methyl methacrylate) (PMMA) and poly(ethylene oxide) (PEO), with a toughness more than two orders of magnitude greater than that of pristine PMMA are presented. Tensile testing was carried out *in-situ* in the scanning electron microscope on samples consisting of ca. 100 000 parallel fibres. A template transfer method was used to ensure the non-destructive and reproducible transfer of the fibres to the micromechanical stage, without any premature stretching of the fibres[@b22] after collection of the mats on a rotating cylinder operated at 2000 rpm. The testing revealed that the toughness improvement depend not only on spinning thin fibres but also on finding a polymer formulation that promoted extensive fibre necking prior to fracture, i.e. molecular alignment during fibre stretching. Flexible cellulose nanofibrils were evaluated as rod-like load-bearers inside the toughest PMMA/PEO blend to demonstrate their influence on the fracture and mechanical fibre performance. The materials presented are biocompatible[@b23][@b24][@b25], and they offer the possibility to achieve toughened PMMA-based electrospun fibre systems in applications where non-harmful formulations are required.

Results and Discussion
======================

Assessment of tensile data for electrospun PMMA/PEO fibre blends
----------------------------------------------------------------

[Fig. 1a](#f1){ref-type="fig"} shows the stress--strain behaviour of aligned PMMA/PEO fibres with PEO contents ranging from 0 to 25 wt% (note the split logarithmic strain axis). In this concentration range the polymers are miscible[@b26][@b27][@b28][@b29]. All the fibres had a diameter of ca. 2 µm, which allowed an unbiased analysis of the fibre failure mechanisms of the different polymer blends. [Fig. 1b](#f1){ref-type="fig"} and [Table 1](#t1){ref-type="table"} show that the toughness of the fibres based on a 5 wt% PEO blend was twice that of the fibres based on pristine PMMA. A lower concentration of PEO (2 wt%) had essentially no effect on the tensile properties of the fibres ([Table 1](#t1){ref-type="table"}). However, the toughness increased strongly with the content of PEO: 26 and 134 times that of pristine PMMA for 12.5 and 25 wt%, respectively, and the fracture energy increased from 0.13 MJ/m^3^ for PMMA to 17.1 MJ/m^3^ for the blend with 25 wt% PEO. The glass transition temperature (*T~g~*) decreased from 124°C for the pristine PMMA to 75°C for the PMMA blend with 25 wt% PEO, confirming that a more ductile but glassy fibre material was formed. It should be noted that both the Young\'s modulus and the tensile strength of the fibres containing 5 and 12.5 wt% PEO were higher than those of the pristine PMMA fibres. The increase in Young\'s modulus was 18 and 11% and the tensile strength 11 and 77%, respectively. For comparison, the mechanical properties of solvent-cast films with 25 wt% PEO were evaluated under the same testing conditions to determine whether the improvement in toughness was entirely related to the polymer formulation. These solvent-cast films showed almost the same strength and modulus as the electrospun fibres ([Table 1](#t1){ref-type="table"}), but with 61% lower toughness than the fibres. It was assumed that the greater toughness of the fibres was solely due to the greater molecular alignment within the fibres, resulting from the rapid fibre stretching in the electrical field, as suggested by Papkov *et al.*[@b6] However, the *in-situ* microscopy characterization revealed that the molecular alignment from the electrospinning was only part of the explanation of the observed increase in fibre toughness.

Necking phenomena in toughness-improved PMMA fibres
---------------------------------------------------

[Fig. 2a](#f2){ref-type="fig"} shows the tensile testing curve recorded during *in-situ* SEM analysis of the fibre mat consisting of PMMA fibres with 25 wt% PEO. The testing stage was stopped at different strain levels; 4, 8, 20, 40 and 100% -- to investigate the failure behaviour of the fibre mat ([Figs. 2 c--f](#f2){ref-type="fig"}). A progressive thinning and sequential failure of individual fibres explained the gradual decrease in stress with increasing strain, when individual fibres fractured. Higher magnification micrographs of individual fibres showed that all the fibres deformed *via* extensive necking and plastic deformation before failure. Necking was observed already at the early stage of the deformation (8% strain, [Fig. 2d](#f2){ref-type="fig"}) and when the strain was increased the necked regions propagated uniformly along the fibres until complete fibre mat failure occurred between 130 and 150% strain. The formation of the necks resulted in an average reduction in fibre cross--sectional area from 3.8 µm^2^ to 0.5 µm^2^ (10 observed fibre necks). The true stress in the fibres necks could therefore be calculated to be ca. 150 MPa before failures started to appear at 40% strain and an engineering stress of 14.8 MPa.

[Fig. 2b](#f2){ref-type="fig"} shows a close-up inspection of an isolated unloaded fibre at the early stage of necking, where a 4 µm neck had developed at 20% strain. The wrinkled surface in the neck was not observed *in-situ*, and it is assumed that it originates from an elastic recovery when the fibre was unloaded for high-resolution microscopy. For comparison, [Fig. 2d](#f2){ref-type="fig"} displays several 10--15 µm-long necked regions at 8% strain under load (*in-situ*). The smaller neck in the unloaded fibre exposed to an apparently larger strain may originate from an uneven loading of this particular fibre due to differences in the fibre alignment ([Table 1](#t1){ref-type="table"}) or stretching. This highlights the challenge of small-scale measurements. However, this necking length difference over the entire 5 mm sample corresponded to a variation of only ca. 0.2% over the entire mat deformation. In contrast, the necking was always absent in pristine PMMA fibres because fibre tolerated a strain of only 1.5%, which resulted in crisp and undeformed fracture surfaces ([Fig. 3b](#f3){ref-type="fig"}) at a true stress close to that of the entire mat, i.e. ca. 17 MPa. The shape of the stress-strain curve in [Fig. 2a](#f2){ref-type="fig"} (compared to that in [Fig. 1a](#f1){ref-type="fig"}) shows stress relaxation, because the tensile stage was stopped for long periods (total ca. 30 min) to take the micrographs. This relaxation is common for polymers if the deformation is interrupted and was not a result of exposure to the electron beam since only a fraction of the entire mat was exposed. When the load was reinstated, a slightly higher stress was noted, probably due different relaxations among the fibres (some fibres were not optimally aligned), which in turn resulted initially in a more even load distribution over the fibres. The relaxation was not due to moisture since there was no moisture in the SEM chamber and a water uptake less than 0.1 wt% was measured when the samples were removed from the vacuum chamber and placed in an environment with a humidity of 50% RH.

In order to see whether the observed necking phenomenon was a unique feature of the electrospun fibres, a blend based on the same PMMA with 25 wt% PEO was extruded into 2.7 mm thick continuous bars for comparison. A mini twin--screw extruder with a short sleeve die (2 mm) was used to induce minimal molecular orientation along the bars. The melt-extruded bars showed no signs of necking during tensile testing at the same strain rate as that used for the electrospun fibre mats. Only a small narrowing just prior to fracture was observed and the necking phenomenon was thus unique for the electrospun fibres. The maximal elongation of the bars was ca. 36%, with an insignificant toughness increase compared to that of the same formulation used in the electrospun fibres; see mechanical data in [Table 1](#t1){ref-type="table"} and the photograph of the bar in [supplementary information, figure S4](#s1){ref-type="supplementary-material"}.

Effect of rod--like cellulose nanofibrils as reinforcement in necking fibres
----------------------------------------------------------------------------

In order to investigate the effect of rod-like reinforcements in the electrospun fibres (PMMA with 25 wt% PEO), bacterial cellulose (BC) nanofibrils were embedded in the fibres at 4 and 10 wt%. The cellulose nanofibrils were extracted from bacterial cellulose (procedure found in [supplementary information S1](#s1){ref-type="supplementary-material"}) and had a crystal content of 72%[@b30]. The reported modulus of such cellulose fibrils/crystals is ca. 100 GPa and they have a strength of the order of 7--8 GPa[@b30][@b31][@b32][@b33][@b34][@b35]. The average length of the cellulose fibrils was 1100 ± 700 nm, with an aspect ratio (*L/h*) of ca. 94[@b30]. The BC fibrils were dispersed and aligned parallel with the fibre axis in the electrospun fibres due to their favourable compatibility with the PMMA, and their flexibility in the oscillating electrospinning jet. The darker regions in [Fig. 3e](#f3){ref-type="fig"} show the aligned bacterial cellulose crystals. The composite fibres with 10 wt% BC showed an increase in the Young\'s modulus and tensile strength of 171% and 55%, respectively ([Table 2](#t2){ref-type="table"} and [Fig. 3a](#f3){ref-type="fig"} (curves 2 and 4)) compared to the same fibres without cellulose. The electrospun fibres containing 4 wt% BC showed no change in strength but a 25% increase in the Young\'s modulus ([Table 2](#t2){ref-type="table"} and [Fig. 3a](#f3){ref-type="fig"} (curves 2 and 3)). However, the increase in modulus and strength came at the expense of a significant loss in toughness, by more than one order of magnitude (from 17 to 0.6 MJ/m^3^), [Fig. 1b](#f1){ref-type="fig"} ([Table 2](#t2){ref-type="table"}). [Figure 3a](#f3){ref-type="fig"} and [Table 2](#t2){ref-type="table"} also show the previously reported increase in strength and modulus of PMMA with 4 wt% nanofibrillated cellulose extracted from wood (WC) (curves 1 and 5)[@b22]. Electron micrographs of the fractured BC containing fibres revealed uneven fibre necking and surface porosity development around the fracture surfaces, and also pull-outs of the cellulose nanofibrils ([Fig. 3d](#f3){ref-type="fig"} compared to [Fig. 3c](#f3){ref-type="fig"}). Accordingly, even if a relatively well-dispersed cellulose nanofibre phase was present (without protruding nanofibres), *it appeared that the considerably stiffer crystals prohibited necking of the electrospun fibres*. The cellulose nanofibrils from wood, with a smaller aspect ratio and a lower crystallinity did, however, lead to a higher toughness than that of the brittle pristine PMMA polymer.

Fibre characterization by X-ray diffraction and IR-spectroscopy
---------------------------------------------------------------

X-ray diffraction was performed to see whether PEO crystals could have contributed to the improved mechanical properties of the fibres (or affected the necking characteristics), and IR-dichroism measurements was used to assess chain orientation. It has previously been shown that PMMA/PEO blends with PEO contents greater than 25 wt% are biphasic[@b26] and that PEO crystallizes into PEO-rich spherulites with PMMA molecules confined in the inter-lamellar regions[@b26][@b36]. [Fig. 4a](#f4){ref-type="fig"} shows diffractograms for the different blends. A fully X-ray amorphous structure was apparent for concentrations up to 12.5 wt% PEO, whereas a low crystallinity of 1.2 vol% was detected in the fibres based on the 25 wt% PEO blend. The samples with higher amounts of PEO, especially 25 wt% shows a slight shift of the amorphous halo towards smaller lattice spacing\'s, which may be explained by the lack of bulky side groups in PEO (allowing for smaller lattice space). Another possibility for this would be the presence of sub 3 nm crystals appearing amorphous (albeit having similar lattice spacing as the crystalline phase), which is below the detection limit for X-ray diffraction[@b37].

Electrospun fibres based on the polymer blend with 25 wt% PEO and varying amounts of BC, showed similar levels of PEO crystallinity (ca. 1.2 vol%, see [Fig. 4a](#f4){ref-type="fig"}), however it was difficult to accurately assess the PEO crystallinity in this case, due to the presence of overlapping peaks from the crystalline cellulose.

[Fig. 4b](#f4){ref-type="fig"} shows polarized IR spectra of the aligned electrospun PMMA with 25 wt% PEO. The absorption peak at 749 cm^−1^ of the skeletal vibrational motion of the CH~2~ group in PMMA[@b38] showed IR-dichroism; the angle between the transition moment vector and the chain axis (denoted *α*) has been reported to be 17° [@b33]. The IR-dichroism; R = A~\|\|~/A~⊥~ = 1.228 (A~\|\|~, A~⊥~ refer to the absorbance values for light polarized parallel to and perpendicular the fibre axis)[@b39]. The Herman\'s orientation function (*f*) was calculated according to[@b40][@b41][@b42]: where *ζ* is the angle between chain axis and the director (fibre axis). The chain orientation *f* was 0.081. PMMA/PEO (ca. 25 wt% PEO) blend films required a draw ratio of 3 in order to achieve a similar orientation factor[@b39]. Since this measurement was made on a fibre mat with a non-perfect alignment of fibres ([Fig. 1d](#f1){ref-type="fig"} and [Table 1](#t1){ref-type="table"}), the orientation of the individual fibres must have been slightly higher. However, the extensive increase in toughness of the electrospun fibres compared to previous data for PMMA/PEO, the cast films or the extruded bars, could be explained neither by the moderate initial molecular alignment nor by the crystallinity of the fibres after spinning.

Mechanisms for toughness improvement
------------------------------------

The decrease in cross sectional area by a factor of 7.6 (3.8 to 0.5 um^2^) can be explained by considering that only a portion of the fibres undergo necking, i.e. via the necking deformation zone shown in [Fig. 2](#f2){ref-type="fig"} (whereas an affine deformation gives a reduction factor of only 3). The size of this deformation zone at any given time during deformation was ca. 100--200 nm in the case of the electrospun fibres. This length can be compared to the size of the PEO ( of 600 kDa) and the PMMA ( of 410 kDa) molecules, which would be 5.0 and 1.0 µm long if they were completely straight (0.154 nm bond length)[@b42][@b43]. It is therefore clear that the molecules could easily bridge the necking zone in a continuous stretching event (alignment) as the deformation zone propagated along the fibres during deformation. However, a more realistic explanation would be to relate the end-to-end distance of a random coil of the PEO polymer which in its coiled state can be approximately 66 nm (*r = 6^1/2^r~g~*^*2*^)[@b43], based on a radius of gyration (*r~g~*) of ca. 27 nm to the length scale of the deformation[@b44]. This end-to-end distance is smaller than the deformation zone but, since the electrospinning induces orientation of the polymer chains, the true end-to-end distance in the direction of the fibre can be expected to be significantly larger and to correspond to the initial molecular orientation, which was equivalent to a tensile draw ratio of 3 ([Fig. 4b](#f4){ref-type="fig"})[@b39]. The end-to-end distance along the direction of the fibre is therefore expected to cover about the same or a slightly larger distance than the deformation zone during the necking. This would allow a continuous stretching and energy build-up in the deformation zone, which greatly contributed to the toughness of the fibres. The molecules thus adopted an unprecedented degree of orientation after the deformation zone, and this may resemble strain hardening[@b45] and allow the necks to bear a higher load per cross--sectional area than the undeformed parts of the fibres.

A possible contribution to the necking behaviour is the presence of a thin ductile surface layer with a lower glass transition temperature (T~g~), which prevented crack initiation by more facile reorientation of molecules in the neck deformation zone. This surface layer of the same molecular composition as the interior of the fibres emanates from an enhanced molecular mobility in the proximity of the fibre surface[@b46][@b47]. Evidence of a gradually decreasing T~g~ with closer distance to the surface of polystyrene was recently reported, wherein a suppression of ca. 50°C (or more) was demonstrated 10--50 nm from the polymer surface, depending on the measurement technique used[@b46][@b47]. An equivalent suppression of the T~g~ for the 75/25 PMMA/PEO blend would result in a glass transition below room temperature, i.e. a 'rubbery' material at the surface of the fibres. To explore this hypothesis, the toughest fibre formulation (75/25 PMMA/PEO) was electrospun at the slowest feed--rate possible to generate uniform fibres (10 μL/min) with approx. a doubled specific surface area. The obtained fibres (diameter: 1.2 ± 0.1 μm) showed a Young\'s modulus that was reduced by ca. 50% and with similar strength as the 2 μm fibres. The lower modulus and more ductile fibres obtained therefore served as an indication that a larger portion of rubbery surface layer existed, assuming the existence of a rubbery surface layer of the same thickness. However, the obtained fibres also showed a ca. 65% decreased strain to failure, which was related to an increased molecular alignment for thinner fibres (as suggested by Papkov *et al.*)[@b6], which prohibited them from aligning further during the tensile test.

It is also clear that the probability of encountering defects at any given time during deformation becomes smaller as the volume associated with the deformation decreases, and that the mechanical properties of the entire mat are related to neck formation distributed in thousands of fibres deforming simultaneously. An approximate calculation shows that the deformation zone constitutes less than 1 ppm of the entire fibre length. Hence, even when a neck propagates upon a defect, the surrounding thousands of fibres can continue to stretch under load, and absorb energy in the absence of defects. Based on the above reasoning and the assumption that the non-necking portion of the fibre did not deform at all, the maximum volume of the neck was calculated to be 23% of the total fibre volume (based on the reduction in fibre diameter via necking and the 150% strain at break). This "necked" volume of the fibres corresponded to 71% of the final fibre length. Hence, if the prepared fibre formulation had allowed complete propagation of the necks over the entire fibre length, the toughness of the fibres would have increased even more, i.e. if the remaining 77 vol% of the fibres had been allowed to form necks in the absence of defects. An upper limit for the toughness of electrospun fibres of a PMMA/PEO blend with 25% PEO could then be calculated to be approximately 75 MJ/m^3^, which is more than 300% the observed toughness, and comparable to that of carbon steel[@b48].

Conclusions
===========

This work presents for the first time electrospinning as a method of preparing ultra-toughened biocompatible fibre networks based on blends of the inexpensive engineering polymers poly(methyl methacrylate) (PMMA) and polyethylene oxide (PEO). The key to the toughening was to prepare a sufficiently ductile polymer blend, which could undergo an extensive and energy-absorbing fibre necking phenomenon prior to fibre failure due to a suppressed glass transition temperature at the surface of the fibres. A simultaneous increase in toughness (27 times), modulus (10.7%) and tensile strength (77%) was observed for fibres containing 12.5 wt% PEO, 25 wt% PEO, the brittle PMMA showed an increase in toughness of more than two orders of magnitude. The toughness improvement was accompanied by an increase in true fibre strength of ca. one order of magnitude from 16.8 MPa to ca. 150 MPa, as verified in *in-situ* electron micrographs during the tensile testing. Cast films and extruded rods based on the same 25 wt% PEO blend showed respectively 61% and 82% lower toughness than the electrospun counterpart. It is suggested that molecular orientation at the energy-absorbing neck requires an initial degree of molecular alignment (obtained via electrospinning) that is sufficiently high so that the size of the polymer molecules in the direction of the fibre is of the same order of magnitude as the deformation zone. Fibres consequently break when the deformation zone reach a point where the initial alignment is insufficient. This reasoning is consistent with our findings that cast films and extruded rods, with a larger size and with presumably little alignment, have toughness inferior to that of the electrospun counterpart. To further investigate the necking ability of the electrospun fibres, experiments were performed with the addition of highly crystalline cellulose fibres (as rod-like reinforcement) to the PMMA/PEO solution prior to electrospinning. This resulted in hybrid composite fibres that were stiffer and stronger, but also showed dramatically reduced toughness due to an inability of the rod-like cellulose to adapt to the extensive deformation inherent in neck formation.

The reported phenomena are likely to change the views on how to develop simultaneously strong and strain compliant polymer formulations for thin-fibre applications, since the reported phenomena become apparent only when dimensions approach scales close to one hundredth of the width of a hair strand.

Methods
=======

Preparation of fibre solutions
------------------------------

PMMA with a of 410 kDa (Alfa Aesar) and PEO (Acros Organics) with a of 600 kDa were dissolved in DMF (BDH Prolabo 99.8%), or in DMF/BC containing suspensions (the details of the preparation of BC with 72% crystalline content[@b30] are provided in the [Supplementary Information S1](#s1){ref-type="supplementary-material"}). The polymer solutions/suspensions were heated to 70°C and kept at this temperature under constant stirring until homogeneous and completely transparent suspensions were obtained (2 h). The solutions were electrospun within 24 h.

Electrospinning and collection of fibre mats
--------------------------------------------

The fibre solutions were continuously fed from a 5 mL solvent-resistant polypropylene syringe at a rate of 40 µL/min (±0.1%), *via* a PTFE tube, to a flat tip 18-gauge needle with internal diameter of 0.84 mm. The needle tip was positioned 240 mm vertically above the rotating collector, and the electric field from the needle to the collecting surface was maintained at ca. 40--50 kV/m, where the more viscous solutions required a higher electric field. The electrospun fibres were deposited on the rotating cylindrical collector/drum at 2000 rpm (collector diameter = 50 mm). Thermo-gravimetric measurements were carried out on all the samples to ensure that the fibre mats contained no residual low volatile DMF solvent prior to tensile testing. Infrared (IR) spectroscopy was also performed for all samples prior to further characterization, in order to ensure that there was no solvent remaining inside the fibres ([Supplementary Information S3](#s1){ref-type="supplementary-material"}).

Tensile testing of fibres
-------------------------

The tensile measurements were performed on a Deben Microtest stage, modified for direct A/D converter readout, which increased the resolution of the load cell (76 µN) and extensometer (167 nm). The measurements were carried out at a strain rate of 0.5 mm/min (10% of sample length per minute) and the tensile stress values were calculated by dividing the measured force by the cross sectional area of the fibre mat. The thickness of the fibre mat was derived from the area density (mass per unit area) of the electrospun fibre mat, as determined from the weight and area of an adjacent fibre mat on the same collector. The fibre tensile testing was performed according to the template transfer method (TTM)[@b22]. A layer of fluorinated ethylene propylene release film (thickness = 76 µm) was attached to the collector, followed by a pre-cut aluminium foil template (thickness = 30 µm) that was firmly attached to the surface of the collector directly over the release film with conductive copper tape (thickness = 66 µm). The template had a cut-out window (width: 10 mm, length: 5 mm) that acted as a gap where fibres could freely span. [Fig. 5](#f5){ref-type="fig"} shows an illustration of the TTM method.

The fibres were fixed on both sides of the window using alkoxy-ethyl-cyanoacrylate (Loctite 460, Henkel AG & Co. KGaA, Germany) before the aluminium template was moved to the tensile tester. The side panels of the pre-cut window were cut (without touching the fibres) immediately before testing when the template had been firmly mounted in the tensile stage[@b22].

Preparation of cast films
-------------------------

The solution used for electrospinning was also used to cast films inside petri dishes by evaporating the solvent at a temperature of 50°C in vacuum for 2 days to ensure a complete evaporation of all the solvent. The films were cut and mounted for tensile testing in the same manner as the electrospun fibres.

Melt extrusion of bars
----------------------

Powders of the same PMMA and PEO material were mixed in a DSM Xplore 5 ml micro twin-screw extruder at a temperature of 185°C. A short sleeve die was fitted with a 2 mm diameter that induced minimal molecular orientation to the final bars, and this resulted in a final diameter of ca. 2.7 mm (due to die swelling). These much larger specimens than the cast films and electrospun fibres were tested in an Instron 5566 tensile testing machine with a specimen length of 40 mm, using the same strain rate as for all the other samples.

Microscopy
----------

A Hitachi S-4800 cold--field--emission scanning electron microscope (SEM) was used. A ca. 2 nm coating of platinum--palladium was sputtered onto the surface of the samples (10 s at 80 mA) in a Cressington 208HR high-resolution sputter. The *in-situ* SEM tensile tests were performed in a Hitachi T-100 charge reduction SEM that allowed testing without sputtering in order not to alter the properties of the material.

X--ray diffraction (XRD)
------------------------

XRD measurements were conducted on a PANalytical X\'Pert Pro diffractometer using Cu--Kα radiation (45 kV, 35 mA) and a 1.00 arcmin step size. Crystallinity was calculated from the ratio of the integrated intensity of the crystalline peaks and the total intensity of the diffractograms (including the amorphous component).

Thermal analysis
----------------

Thermal characteristics of the electrospun mats were assessed by differential scanning calorimetry (DSC) using a Mettler Toledo DSC 1 with 40 µL aluminium cups, and by thermal-gravimetric analysis (TGA) using a Mettler Toledo TGA/DSC 1 with 70 µL Al~2~O~3~ crucibles. The heating rate was 10°C/min and a nitrogen gas flow rate of 10 ml/min was used.

Infra red (IR) spectroscopy
---------------------------

IR spectroscopy was performed on a Perkin-Elmer Spectrum 2000 using a 1 cm^−1^ scan step equipped with a linear polarizer and a single reflection attenuated total reflectance stage (ATR) MKII Golden Gate unit (Specac Ltd., London, UK).
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![(a) Stress-strain curves of fibre mats of PMMA/PEO blends with 0, 5, 12.5 and 25 wt% of PEO (note the split strain-axis to reveal the strain at break for the fibre mats with the highest toughness. (b) Toughness as a function of PEO content and cellulose content (: 4 wt% BC, : 10 wt% BC). (c) Fibre diameter distribution data of fibre mat samples. (d) Scanning electron micrographs of aligned fibre mats.](srep06335-f1){#f1}

![(a) *In-situ* SEM tensile testing curve of electrospun PMMA with 25 wt% PEO fibres; (b) high resolution micrograph of an early developed fibre neck; (c) the fibre mat prior to tensile testing; (d) multiple parallel necking of individual fibres at 8% strain; (e) progressive thinning of fibre mat and; (f) breakage/collapse of aligned and stretched fibres.](srep06335-f2){#f2}

![(a) Stress-strain curves of aligned PMMA/PEO fibre mats containing different amounts of bacterial cellulose (BC) (3--5) compared to those of pristine PMMA and PMMA fibres with 25 wt% PEO; SEM fibre fracture cross sections of (a) pristine PMMA, (b) PMMA with 25 wt% PEO, (d) PMMA with 25 wt% PEO and 10 wt% BC; (e) TEM of 10 wt% BC in PMMA with 25 wt% PEO.](srep06335-f3){#f3}

![WAXD diffractograms of the electrospun PMMA/PEO fibres with and without bacterial cellulose (a), IR spectrum for the toughest fibres containing 25 wt% PEO (b) with inset IR-dichroism (polarized IR) for the CH~2~ skeletal vibration peak in PMMA at 749 cm^−1^.](srep06335-f4){#f4}

![(a) Template transfer configuration, illustrating the aligned fibres on the rotating collector and the aluminium foil cutout template. (b) Illustration of the fixed fibres on the template as mounted in the tensile stage during tensile testing.](srep06335-f5){#f5}

###### Mechanical data and fibre morphology of electrospun PMMA/PEO fibre mats with different amounts of PEO, data for solvent-cast films and extruded bars of the PMMA with 25 wt% PEO. Highest values are bold

  Material Properties      Fibres PMMA  100 \[%\]   Fibres PMMA/PEO 98/2 \[%\]   Fibres PMMA/PEO 95/5 \[%\]   Fibres PMMA/PEO 87.5/12.5 \[%\]   Fibres PMMA/PEO 75/25 \[%\]   Films PMMA/PEO 75/25 \[%\]   Extruded PMMA/PEO 75/25 \[%\]
  ----------------------- ------------------------ ---------------------------- ---------------------------- --------------------------------- ----------------------------- ---------------------------- -------------------------------
  Toughness \[MJ/m^3^\]         0.13 ± 0.04                0.13 ± 0.02                  0.26 ± 0.02                     3.46 ± 0.19                   **17.1 ± 1.4**                  6.67 ± 2.0                    3.08 ± 0.22
  Strength \[MPa\]               16.8 ± 0.4                 16.8 ± 1.3                   18.7 ± 2.0                   **29.8 ± 1.2**                    18.7 ± 0.4                    18.8 ± 0.1                    13.9 ± 1.3
  Modulus \[GPa\]               1.49 ± 0.29                1.54 ± 0.03                **1.81 ± 0.14**                   1.65 ± 0.12                     0.72 ± 0.05                  0.75 ± 0.03                    0.69 ± 0.09
  Thickness \[µm\]              1.74 ± 0.35                1.89 ± 0.22                  2.54 ± 0.23                     1.71 ± 0.25                     1.96 ± 0.32                     54 ± 3                     2.7 ± 0.1 mm
  Align. std. dev.                  14.3°                      13.1°                        14.5°                           11.6°                           12.5°                         N/A                            N/A
  Rel. tough.                     1.0 (ref.)                    1.0                          2.0                             27                            **135**                         53                            24
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###### Mechanical properties of electrospun composite fibres containing reinforcing cellulose crystals. Highest values are bold

  Fibres formulation Properties    PMMA 100 \[%\]   PMMA/WC 96/4 \[%\]^22^   PMMA/PEO 75/25 \[%\]   PMMA/PEO +BC 75/25 +4 \[%\]   PMMA/PEO +BC 75/25 +10 \[%\]
  ------------------------------- ---------------- ------------------------ ---------------------- ----------------------------- ------------------------------
  Toughness \[MJ/m^3^\]             0.13 ± 0.04          0.16 ± 0.04            **17.1 ± 1.4**              1.09 ± 0.16                   0.61 ± 0.03
  Ultimate strength \[MPa\]          16.8 ± 0.4           21.9 ± 3.7              18.7 ± 0.4                17.9 ± 0.57                  **27.6 ± 2.4**
  Young\'s modulus \[GPa\]          1.49 ± 0.29          1.93 ± 0.29             0.72 ± 0.05                0.91 ± 0.02                 **1.95 ± 0.11**
  Fibre diameter \[µm\]             1.74 ± 0.35          2.70 ± 0.58             1.96 ± 0.32                1.94 ± 0.36                   1.97 ± 0.41
  Alignment std. dev.                   14.3°                14.7°                   12.5°                      13.1°                         13.8°
  Rel. toughness \[%\]                  ref^1^               +20^1^                 +13 053                     +738                           +369

![](srep06335-t2)
